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ABSTRACT 


Methylene blue (MethyB) was shown to possess potential neuro- and liver 
protective properties. The aim of this study was to investigate the effect of 
MethyB on brain neurodegeneration and liver injury induced by ketamine. Rats 
were treated with single intraperitoneal (i.p.) injection of ketamine (35 mg/kg) 
either alone or combined with MethyB at doses of 20 or 40 mg/kg and euthanized 
4h later. The determination of biomarkers of oxidative stress including 
malondialdehyde, nitric oxide and reduced glutathione as well as paraoxonase-1 
(PON-1) was carried out in brain and liver tissue. In addition, the concentrations 
of acetylcholinesterase (AChE) and Af-peptide were determined in brain tissue 
and histological studies were done using haematoxylin and eosin staining. 
Results indicated that compared to the saline control, ketamine-treated rats 
exhibited significantly elevated malondialdehyde, decreased nitric oxide levels, 
as well as depletion of reduced glutathione and decreased PON-1 activity in brain 
and liver. There were also significant decrements in brain AB-peptide, AChE 
levels by ketamine treatment. The presence of dark shrunken cortical neurons 
with deeply stained pyknotic nuclei and shrunken degenerated hippocampus 
pyramidal cells having dark eosinophilic cytoplasm with pyknotic nuclei was 
detected in brain after ketamine injection. The liver of these animals exhibited 
severe degeneration of hepatocytes and perivascular infiltrations of inflammatory 
cells with dilated sinusoids. In ketamine-treated rats, the administration of 
MethyB resulted in significant inhibition of lipid peroxidation, increased reduced 
glutathione levels and PON-1 activity, while it decreased nitric oxide in brain and 
liver. It had no effect on AChE but caused further decrease in AB-peptide in brain 
of ketamine-treated rats. MethyB conferred dose-dependent protection against 
the ketamine-induced histological changes in brain and liver with the higher dose 
bringing about almost normalization of these tissues. It is concluded that MethyB 
exerts a neuro- and hepato-protective effects against ketamine toxicity and these 


may involve anti-oxidative actions as a potential mechanism. 
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1. INTRODUCTION 


Ketamine is a phenylcyclidine hydrochloride derivative and a dissociative anesthetic with psychedelic properties (Wolff, 2012). It 
binds selectively to the phencyclidine (PCP) binding site in the N-methyl-D-aspartate (NMDA) glutamate receptor subtype on 
GABA-ergic interneurons. Ketamine acts as a non-competitive NMDA glutamate receptor antagonist with a resultant increase in 
the release of the excitatory neurotransmitter glutamate in the prefrontal cortex (Mion amd Villevieille, 2013). It is used at 
subanesthetic doses for pain or mild sedation in humans (Niesters et al., 2014; Ahern et al., 2015) and also as an adjunct to morphine 
to control moderate to severe acute pain (Beaudoin et al., 2014). 

Ketamine induces schizophrenic-like states in both humans and rodents (Neill et al., 2010; Pomarol-Clotet et al., 2006) and has 
thus been utilized as an animal model of schizophrenia (Wilson and Koenig, 2014). The drug has rapid-acting and long-lasting 
antidepressant effects; and because of its dissociative properties, is popular as a drug of abuse both among young people in clubs, 
large music parties and raves and among spiritual seekers (Lankenau and Clatts, 2004; Trujillo et al., 2011). Free radical mediated 
oxidative damage has been implicated in the development of several neurodegenerative and neurological disorders (Klein and 
Ackerman, 2003). 

Oxidative stress ensues when oxidant free radicals are produced at amounts that exceed the antioxidant capacity of the cell with 
consequent oxidative damage to membrane lipids, enzyme proteins, and nucleic acid leading to cellular instability or even cell 
death (Sies, 1997). Reactive oxygen metabolites such as superoxide radical (O2*-), and hydrogen peroxide (H2O2) are generated by 
the mitochondrial respiratory chain as byproducts of oxygen metabolism. The brain with its high metabolic demands and hence 
oxygen utilization produces increased amounts of mitochondrial superoxide. 

Excitotoxic amino acids, and the autoxidizable neurotransmitters noradrenaline, dopamine and serotonin are other sources of 
free radicals. The oxidation of the catecholamines produces superoxide anion radical and hydrogen peroxide as well as quinines 
and semiquinones capable of binding to thiol groups and depleting reduced glutathione in the cell. Besides, the brain is rich in 
polyunsaturated fatty acids which are the target for oxidant species. These factors coupled with insufficient antioxidants, 
particularly catalase levels are believed to account for an increase in the vulnerability of the brain to increased levels of oxidative 
stress (Halliwell, 2006; Halliwell, 2009). 

When administered to rodents, ketamine caused a significant increase in brain lipid peroxidation while decreasing reduced 
glutathione concentrations. It also increased interleukin-1 beta (IL-18) and tumour necrosis factor-alpha (TNF-a) and induced 
neuronal degeneration, apoptosis and perineuronal vacuolation in the cerebral cortex and striatum (Abdel-Salam et al., 2021). 
Methylene blue (MethyB) is a synthetic phenothiazine dye that, in the last years, has gained interest, being a potential candidate for 
the treatment of central nervous system pathologies. 

MethyB has been shown to protect against neuronal damage in models of ischaemia/reperfusion injury (Bardakci et al., 2006), 
Huntington’s disease (Sontag et al., 2012), Parkinson’s disease (Abdel-Salam et al., 2014), amyotrophic lateral sclerosis (Dibaj et al., 
2010), and traumatic brain injury (Talley-Watts et al., 2014). It also prevented brain neuronal death induced by such toxicants as 
Malathion (Abdel-Salam et al., 2016a) or toluene (Abdel-Salam et al., 2016b) in rats. In this study, we investigated the potential 
preventive effects of MethyB on ketamine-induced injury of brain and liver in the rat and possible underlying mechanisms using 
biochemical and histological approaches. 


2. MATERIALS AND METHODS 

Animals 

This study was conducted on male Sprague-Dawley strain rats weighing 160-170 g of body weight. Rats were kept under 
standardized conditions and had free access to a standard laboratory chow and water. The animal studies were done according to 
regulations of the Institute Ethics Committee and Guide for Care and Use of Laboratory Animals of US National Institutes of Health 
(Publication No. 85-23, revised 1996). Six rats were used per group. 


Chemicals and reagents 
Methylene blue was purchased from Sigma (St Louis, MO, USA). Ketamine was obtained from the Ministry of Justice (Egypt). 
Other chemical and reagents were obtained from Sigma (St Louis, USA). Methylene blue and ketamine were dissolved in isotonic 
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(0.9% NaCl) saline solution before use. The remaining of chemicals and reagents were of the analytical grade and purchased from 
Sigma (St Louis, MO, USA). The doses of ketamine and methylene blue used were chosen based on previous studies (Abdel-Salam 
et al., 2016a; Abdel-Salam et al., 2016b; Abdel-Salam et al., 2021). 


Study design 

The following groups were used: Group 1 (normal control) received i.p. saline (0.2 ml/rat). Groups 2, 3 and 4 were i.p. treated with 
ketamine at a dose of 35 mg/kg. Thereafter, group 2 received i.p. saline and kept as a positive control. Meanwhile, groups 3 and 4 
were given MethyB blue at doses of 20 or 40 mg/kg. Rats were euthanized after 4h by decapitation under light ether anesthesia, 
their brains, and livers quickly removed, washed with ice-cold 0.9% NaCl solution, weighed, and then stored at -80°C. The tissues 
were homogenized with 0.1 M phosphate buffer saline at pH 7.4, to give a final concentration of 10% w/v for the biochemical 
assays. For the histological studies, representative brain and liver samples were kept in 10% neutral buffered formalin. 


Biochemical analyses 

Determination of lipid peroxidation 

Malondialdehyde, an end product of lipid peroxidation was determined by measuring thiobarbituric reactive substances (TBAS) 
using the method by Nair and Turner, (1984) in which TBAS react with thiobarbituric acid forming TBA-MDA adduct and the 
absorbance is read at 532 nm using spectrophotometer. 


Determination of nitric oxide 

Nitric oxide estimated as nitrate/nitrite was determined by the use of Griess reagent. In this assay, nitrate is converted to nitrite by 
nitrate reductase. The Griess reagent then reacts with nitrite forming a deep purple azo compound. The absorbance is read at 540 
nm using a spectrophotometer (Archer, 1993). 


Determination of reduced glutathione 

Reduced glutathione (GSH) was determined using Ellman’s reagent (DTNB (5, 5’-dithiobis (2-nitrobenzoic acid))) which is reduced 
by the free sulfhydryl group on the GSH molecule generating 5-thio-2-nitrobenzoic acid. The latter has yellow color and can be 
determined by reading absorbance at 412 nm (Ellman, 1959). 


Determination of paraoxonase-1 

The arylesterase activity of PON-1 was determined by a colorimetric method which uses pheny] acetate as a substrate. In this assay, 
PON-1 catalyzes the cleavage of phenyl acetate resulting in the formation of phenol. The rate of phenol formation was measured via 
monitoring the increase in the absorbance at 270 nm at 25°C. One unit of arylesterase activity is equal to 1 umole of phenol formed 
per minute. The PONI activity is expressed in kU/L, based on the extinction coefficient of phenol of 1310 M-'cm-! (Haagen and 
Brock, 1992). 


Quantification of acetylcholinesterase 
Acetylcholinesterase (AChE) concentration was determined in supernatants using an ELISA kit purchased from NOVA (Bioneovan 
Co., Ltd., Daxing Industry Zone, Beijing, China) according to the manufacturer’s instructions. 


Quantification of amyloid AB peptide 
Rat amyloid beta peptide 1-41 (AB 1-42) ELISA Kit (SinoGeneClon Biotech Co., Ltd) was used according to the manufacturer’s 


instructions. 
Histological studies 


Five um thick paraffin sections were stained with haematoxlin and eosin (Drury and Walligton, 1980) and investigated by light 
microscope (Olympus Cx 41 with DP12 Olympous digital camera. Olympous optical Co. Ltd, Tokyo, Japan). 
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Statistical analyses 

Data in the study were presented as mean + SEM. Statistical significance was determined with the use of one-way ANOVA with 
Duncan’s multiple range test. GraphPad Prism software, version 6 (GraphPad Prism Software Inc., San Diego, CA, USA) was used. 
A probability value of less than 0.05 was considered as statistically significant. 


3, RESULTS 


Effect of MethyB on ketamine-induced biochemical changes in brain 

Brain lipid peroxidation 

Rats given i.p. injection of ketamine exhibited significantly increased brain MDA level by 50.2% compared to the saline group (31.80 
+ 1.12 vs. 21.17 + 0.67 nmol/g tissue). The ketamine-treated rats receiving MethyB at 20 or 40 mg/kg exhibited significantly lower 
MDA values by 45.3% and 49.3% in comparison to the ketamine control (17.41 + 1.38 and 16.13 + 1.25 vs. 31.80 + 1.12 nmol/g tissue) 
(Figure 1A). 


Brain nitric oxide 

Nitric oxide decreased by 16.5% (15.31 + 0.31 vs. 18.34 + 0.63 mol/g tissue) by ketamine compared to the saline control value. Nitric 
oxide level was further and significantly decreased by 18% MethyB at 40 mg/kg compared to ketamine control (12.57 + 0.44 vs.15.31 
+ 0.31 umol/g tissue) (Figure 1B). 


Brain reduced glutathione 

The level of GSH fell by 26.2% (2.51 + 0.09 vs. 3.40 + 0.11 mol/g tissue) by ketamine compared to the saline control. Administration 
of MethyB at 20 or 40 mg/kg to ketamine-treated rats produced significantly higher levels of GSH than the ketamine control group 
(26.7% and 30.7% increments: 3.18 + 0.11 and 3.28 + 0.15 vs. 2.51 + 0.09 mol/g tissue) (Figure 1C). 


Brain paraoxonase-1 

Ketamine caused a significant decrease in brain PON-1 activity by 39.8% compared to the saline control group (6.81 + 0.38 vs. 11.32 + 
0.33 kU/I). This effect of ketamine was reversed by treating rats with MethyB at 20 mg/kg with even MethyB at 40 mg/kg increasing 
PON-1 activity above that of the saline group (Figure 1D). 


Brain acetylcholinesterase 

Ketamine caused a significant decrease in brain AChE concentration by 55.6% compared with the saline control (1.62 + 0.21 vs. 3.65 
+ 0.19 ng/ml). MethyB given at 20 or 40 mg/kg had no significant effect on AChE in brain of rats treated with ketamine (1.66 + 0.12 
and 1.7 + 0.08 vs. 1.62 + 0.21 ng/ml) (Figure 2A). 


Brain Ap-peptide 

The concentration of AB-peptide was markedly and significantly decreased by 57.8% in the brain of ketamine-treated rats (3.35 + 
0.11 vs. 7.94 + 0.24 pg/ml). MethyB given to ketamine-treated rats resulted in further decrease in Af-peptide by 53.7% and 60.9% 
compared to the ketamine control value (1.55 + 0.04 and 1.31 + 0.19 vs. 3.35 + 0.11 pg/ml) (Figure 2B). 


Effect of MethyB on ketamine-induced biochemical changes in liver 

Liver lipid peroxidation 

Compared to the saline-treated group, ketamine injection caused a significant increase in the level of MDA by 65.7% (56.18 + 2.24 vs. 
33.90 + 1.46 nmol/g tissue). Rats treated with ketamine and administered MethyB showed significantly lower liver MDA content by 
35.5% and 43.1% compared to the ketamine control animals (36.22 +1.36 and 31.98 + 0.84 vs. 56.18 + 2.24 nmol/g tissue) (Figure 3A). 


Liver nitric oxide 

No significant difference in nitric oxide was observed between ketamine treated group and saline control (21.79 + 0.69 us. 24.54 + 
0.89 umol/g tissue). Meanwhile, ketamine-treated rats given MethyB 40 mg/kg exhibited significantly lower nitric oxide level by 
14% compared to the ketamine control value (18.74 + 0.68 vs. 21.79 + 0.69 umol/g tissue) (Figure 3B). 
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Figure 1 Effect of MethyB on brain malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH) and paraoxonase-1 
(PON-1) in rats treated with ketamine (35 mg/kg, i.p.). *p<0.05 vs. saline and between different groups as indicated in the graph. 
+p<0.05 vs. ketamine control 
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Figure 2 Effect of MethyB on levels of brain acetylcholinesterase (AChE) and amyloid Af peptide (Af) in rats treated with ketamine 
(35 mg/kg, i.p.). *p<0.05 vs. saline and between different groups as indicated in the graph. +p<0.05 vs. ketamine control 
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Liver reduced glutathione 

A significant decrease in the level of GSH by 34.0% was observed in liver of ketamine treated animals compared to their controls 
(2.77 + 0.08 vs. 4.2 + 0.1 mol/g tissue). The ketamine-treated rats receiving MethyB at 20 or 40 mg/kg exhibited significantly higher 
GSH values by 23.1% and 37.5% in comparison to the ketamine control (3.41 + 0.09 and 3.81 + 0.06 vs. 2.77 + 0.08 umol/g tissue) 
(Figure 3C). 


Liver paraoxonase-1 

Following ketamine injection, there was a significant decrease in liver PON-1 activity by 51.7% compared to the saline treated group 
(14.68 + 0.72 vs. 30.38 + 1.39 kU/I). MethyB administration at 20 or 40 mg/kg to ketamine-treated rats produced significantly higher 
levels of PON-1 activity than the ketamine control group (22.27 + 1.19 and 23.70 + 0.65 vs. 14.68 + 0.72 kU/l) (Figure 3D). 
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Figure 3 Effect of MethyB on liver malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH) and paraoxonase-1 
(PON-1) in rats treated with ketamine (35 mg/kg, i-p.). *p<0.05 vs. saline and between different groups as indicated in the graph. 
+p<0.05 vs. ketamine control 


Effect of MethyB on ketamine-induced brain histologic damage 

Cerebral cortex 

Sections from saline controls showed the normal histology. The cortical layers had neuronal cells with vesicular nuclei normal, 
acidophilic cytoplasm with intact blood vessels that had narrow perivascular spaces. Neuroglia cells had well demarcated lightly 
stained nuclei (Figure 4A). Ketamine-treated group exhibited disturbance and neurodegeneration in the layers of the cortex with 
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dilated and congested blood vessels. The cortex demonstrated dark shrunken cortical neurons, apoptotic cells with deeply stained 
pyknotic nuclei and pericellular vacuolations. Many darkly stained glial cells’ nuclei were noticed as well (Figure 4B). 

In the group treated with ketamine and MethyB at 20 mg/kg, there was moderate improvement in the cortex structure. 
However, some cortical neurons were still degenerated with pyknotic and darkly stained nuclei. Congested dilated blood vessels 
were observed. Glial cells appeared normal having lightly or darkly stained nuclei with pericellular space (Figure 4C). Sections 
from the group treated with ketamine and MethyB at 40 mg/kg showed nearly normal histological structure of the cortex and better 
neurons which exhibited normal appearance with vesicular nuclei and basophilic cytoplasm, but few cortical neurons were still 
degenerated with pyknotic and darkly stained nuclei. Glial cells appeared normal and had well demarcated lightly or darkly 
stained nuclei with slight dilated blood vessels can be observed (Figure 4D). 


Figure 4 Photomicrographs of Hx & E stained sections of rat cerebral cortex. (A) Saline control group shows well organized cortex 
layers and normally attached cortical neuronal cells with vesicular nuclei (N), basophilic cytoplasm, blood vessels with narrow 
perivascular spaces (Bv) and lightly stained nuclei of glial cells (G). (B) Ketamine shows neurodegeneration in cortex with dilated 
and congested blood vessel (Bv), pyknotic cortical neurons (arrowhead), vacuolated cells (V) with many glial cells that have dark 
(Dg) or lightly stained nuclei (G). (C) Ketamine and MethyB at 20 mg/kg show moderate improvement with dilated and congested 
blood vessel (Bv), pyknotic cortical neurons (P), vacuolated cells (V) with many glial cells that have dark (Dg) or lightly (G) stained 
nuclei. (D) Ketamine and MethyB at 40 mg/kg show remarkable improvement, most cortical neurons (N) nearly normal 
arrangement of cortical layers. Few cortical neurons still exhibit dark stained nuclei (P), blood vessels with narrow perivascular 
spaces (BV), glial cells with either lightly (G) or dark (Dg) stained nuclei. 


Hippocampus 

Sections of saline control group showed C-shaped of hippocampus. This pyramidal layer illustrated the pyramidal cells with 
prominent nucleoli and vesicular nuclei (Figure 5A). Sections of the hippocampus from the ketamine group demonstrated multiple 
shrunken degenerated pyramidal cells having dark eosinophilic cytoplasm with pyknotic nuclei and surrounded by pericellular 
spaces (Figure 5B). 

Animals that received ketamine and MethyB at 20 mg/kg showed moderate improvement of the pyramidal layer. Some of the 
pyramidal neurons displayed vesicular nuclei and prominent nucleoli; others were still having pyknotic nuclei surrounded by 
pericellular space vacuolation (Figure 5C). In the group treated with ketamine and MethyB at high dose there was considerable 
protection and normal hippocampus structure as the pyramidal layer showed multiple pyramidal cells and prominent nucleoli and 
vesicular nuclei with only few pyknotic nuclei being observed (Figure 5D). 
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Figure 5 Photomicrographs of Hx & E-stained hippocampus sections. (A) Saline control shows the pyramidal cells with vesicular 
nuclei and prominent nucleoli (N). (B) Ketamine shows the pyramidal layer with multiple shrunken pyramidal cells which have 
dark eosinophilic cytoplasm and pyknotic nuclei surrounded (P) by pericellular space vacuolation (V). (C) Ketamine and MethyB at 
20 mg/kg show moderate improvement of pyramidal layer with pyknotic nuclei surrounded (P) by pericellular space vacuolation 
(V). (D) Ketamine and MethyB at 40 mg/kg show many preserved pyramidal cells with vesicular nuclei and prominent nucleoli. 
Few pyknotic nuclei (P) are observed. 


Effect of MethyB on ketamine-induced liver histologic damage 
The liver of saline control rats showed normal hepatocytes radiated from central vein and separated by sinusoids with prominent 
nucleoli and vesicular nuclei (Figure 6A). However, ketamine-treated animals exhibited severe hepatocyte degeneration, markedly 
dilated central vein, congested with haemolysis blood cells and perivascular inflammatory cells infiltrations with dilated sinusoids 
filled with haemolytic blood cells and pyknotic nuclei (Figure 6B). 

In the animals treated with ketamine and MethyB at 20 mg/kg, the liver showed moderate improvement as normal appearance 
of central vein, hepatocyte and sinusoids with focally dispersed inflammatory cells aggregation in some areas, with pyknotic nuclei 
and activation of Kupffer cells (Figure 6C). The liver of rats treated with ketamine and MethyB at 40 mg/kg revealed normal 
reappearance of most hepatocytes, central vein and sinusoids in wide area. However, some areas still showed mild congested and 
dilated central vein, and dilated sinusoids (Figure 6D). 
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Figure 6 Photomicrographs of Hx & E stained sections of rat liver. (A) Saline control shows normal hepatocytes (H) radiated from 
central vein (CV) and separated by sinusoid (s). (B) Ketamine shows severe degenerated hepatocytes (arrowhead), marked dilated 
central vein congested with haemolysed blood cells (CV), perivascular inflammatory cells infiltrations (arrow), and dilated 
sinusoids filled with haemolysed blood cells (star) and pyknotic nuclei (arrow). (C) Ketamine and MethyB at 20 mg/kg show 
moderate improvement as revealed by normal appearance of central vein, hepatocytes and sinusoids, focally dispersed 
inflammatory cells aggregates in some areas (S), pyknotic nuclei (P) and activation of Kupffer cells (K). (D) Ketamine and MethyB at 
40 mg/kg show normal reappearance of most hepatocytes, but mild to moderate congested dilated central vein (Cv), and dilated 
sinusoids (s). 


4. DISCUSSION 


The present results show that MethyB prevented the ketamine-induced neurotoxicity in the rat brain and that this neuroprotective 
effect was associated with a decrease in the level of oxidative stress. This finding provides further support to previous studies that 
indicated a neuroprotective effect for MethyB in toxic and inflammatory models of brain damage (Bardakci et al., 2006; Sontag et al., 
2012; Abdel-Salam et al., 2014; Abdel-Salam et al., 2016; Dibaj et al., 2010). In this study, following a single i-p. ketamine injection, 
there was a significant increase in brain oxidative stress as indicated by the increase in lipid peroxidation assessed by measuring 
MDA (Gutteridge, 1995). 

This was accompanied by a significant decrease of the antioxidant and free radical scavenger molecule GSH, suggesting that 
ketamine induces the release of reactive oxidant species with subsequent consumption of the antioxidant GSH. Our results also 
indicated that ketamine caused a significant decrease in paraoxonase-1 (PON-1) activity which is in agreement with previous 
reports (Abdel-Salam et al., 2015b; Abdel-Salam et al., 2018; Abdel-Salam et al., 2021). Paraoxonase-1 is involved in xenobiotic 
metabolism (Primo-Parmo et al., 1996) and in protection against oxidative and inflammatory events (Mackness and Mackness, 
2015). 

The activity of PON-1 decreases in serum from patients with liver disease (Camps et al., 2009) and in a number of neurological 
disorders (Menini and Gugliucci, 2014; Abdel-Salam et al., 2015a). This decrease in PON-1 activity is thought to reflect oxidative 
inactivation of the enzyme by the increase in reactive oxygen species (Aviram, 1999). In addition, ketamine induced neuronal 
degeneration indicated by the presence of dark shrunken cortical neurons with deeply stained pyknotic nuclei and shrunken 
degenerated pyramidal cells having dark eosinophilic cytoplasm in hippocampus. These findings add to previous studies that 
showed the presence of increased oxidative stress, shrunken apoptotic neurons, perineuronal vacuolations and increased caspase-3 
immunoreactivity in the brain of rats after treatment with ketamine (Abdel-Salam et al., 2015b; Abdel-Salam et al., 2018). 

In the study by Zou et al., (2009) degenerating neurons in brain of neonatal rats were observed after repeated administration of 
ketamine at 20 mg/kg. A study in mice found that i.p. injection of ketamine at 50 or 100 mg/kg caused cytoplasmic vacuolation in 


pyramidal neurons (Chung and Yoon, 2008). A neurotoxic effect for ketamine was also reported in human neuronal cells in vitro, 
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which is caused by increased production of reactive oxygen species that induced cytochrome C release from mitochondria and 
mitochondrial apoptosis (Braun et al., 2010; Bosnjak et al., 2012). 

The mechanism by which ketamine causes neuronal injury may thus involve oxidative stress. In support of this notion is the 
finding that treatment with the glutathione precursor N-Acetylcysteine was able to ameliorate the brain neuronal damage that 
followed ketamine injection in the rat (Abdel-Salam et al., 2018). Our results also demonstrated a significant decrease in brain AChE 
levels by ketamine treatment which suggested that ketamine may modulate cholinergic neurotransmission. In microdialysis 
experiments, Kikuchi et al., (1997) reported marked increase in acetylcholine (ACh) release from the rat frontal cortex after i.p. 
injection of ketamine 25, 50 and 100 mg/kg. 

A similar finding was also reported by the studies of Kim et al., (1999) and Nelson et al., (2002) in which the acute 
administration of ketamine was found to cause a significant rise in cortical release of acetylcholine compared to basal levels. In 
rabbits, ketamine induced a significant cerebral vasodilatation that was blocked by the cholinergic antagonist scopolamine (Reicher 
et al., 1987). The increase in cortical acetylcholine has been postulated to account for the neurotoxic action of NMDA antagonists 
(Nelson et al., 2002). These cholinergic effects may be also implicated in the ketamine-induced hallucinogenic and psychotomimetic 
properties. Ketamine induces perceptual distortion of time and place, hallucinations and dissociative effects (De-Luca et al., 2012). 

In the present study, the effect of ketamine on brain AB content was quantitatively measured using ELISA. An intriguing 
observation was that the acute administration of ketamine caused significant decrement in brain AB-peptide content. Amyloid B- 
protein (Af) is produced from the amyloid B-protein precursor through sequential cleavage by B- and y-secretases. The deposition 
of extracellular amyloid plaques composed mainly of the amyloid-8 (Af) peptide is an important pathological hallmark of 
Alzheimer’s disease (Serrano-Pozo et al., 2011). 

These Af aggregates are largely thought to be the initiating event in the neurodegenerative process in Alzheimer’s disease 
(Rajmohan and Reddy, 2017). The mechanism by which a single dose of ketamine induces a significant decrease in brain AB- 
peptide is yet to be established. Liver injury evidenced by increased serum activities of liver enzymes has been reported in abusers 
of ketamine (Wong et al., 2014). 

In the present study, similar to the effects of ketamine in brain, there was a significant increase in MDA concentrations along 
with decreased GSH in liver tissue. In addition, a significant decrease in PON1 activity in liver tissue was observed after treatment 
with ketamine. The liver of ketamine-treated rats exhibited severe degeneration of hepatocytes, perivascular inflammatory cells 
infiltrations and dilated sinusoids filled with haemolytic blood cells. These findings are in agreement with a previous study in 
which ketamine given i.p. at 30 mg/kg in rats caused increased liver oxidative stress, necrosis of hepatocytes, congestion of 
sinusoids as well as positive caspase-3 immunostaining (Abdel-Salam et al., 2015b). 

Our present study provided the first evidence that treatment with MethyB was able to alleviate the neuronal and hepatic toxic 
effects of ketamine. MethyB significantly decreased lipid peroxidation, increased GSH and PON-1 activity in brain and liver tissue 
and afforded protection against histologic brain and liver injury caused by ketamine. These findings add to previous reports of a 
protective effect for MethyB in experimental models of neurodegenerative disease (Bardakci et al., 2006; Sontag et al., 2012; Abdel- 
Salam et al., 2014). 

Methylene blue was also shown to decrease brain edema, apoptotic and degenerating neurons and to prevent liver damage in 
the toxicant e.g., toluene- or malathion-induced brain and liver pathologies (Abdel-Salam et al., 2016a; Abdel-Salam et al., 2016b). 
MethyB in addition decreased serum oxidative stress, number of dark shrunken, apoptotic neurons, and caspase-3 activation in 
brain as well as vacuolar degeneration of hepatocytes in rats with lipopolysacchardie-induced systemic inflammation (Abdel-Salam 
et al., 2015a). 

MethyB is an inhibitor of guanylate cyclase and nitric oxide synthases and thus inhibits the production of nitric oxide (Mayer et 
al., 1993; Volke et al., 1999) which provides explanation for the observed decrease in brain nitric oxide by MethyB in the present 
study. MethyB also interacts with the cholinergic system. Significant inhibition of acetylcholinesterase (AChE) and 
butyrylcholinesterase by MethyB or its metabolite azure B in vitro has been reported (Pfaffendorf et al., 1997; Petzer et al., 2014). In 
the present study, however, the administration of MethyB did not result in further decrease in brain AChE beyond that caused by 
ketamine. 

The present findings in addition indicated that the administration of MethyB was associated with a further decrease in AB- 
peptide content in brain of ketamine-treated rats. In a genetic mouse model of Alzheimer disease, MethyB was reported to reduce 
AB levels and improve learning and memory deficits (Medina et al., 2011). Under physiological conditions, MethyB undergoes a 
catalytic redox cycle between its oxidized blue cation and the reduced colorless leucoMethyB forms, which may block production 
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by mitochondria of reactive oxygen metabolites and hence prevents further mitochondrial damage by these oxidant species 


(Atamna and Kumar, 2010). 


Moreover, MethyB has been reported to exert antioxidative effects (Salaris et al., 1991), enhance brain metabolism, increasing 


brain glucose uptake and cerebral blood flow (Lin et al., 2012). These actions of MethyB besides a decrease in level of oxidative 


stress could have accounted for the protective effects of the dye in the present study. 


5. CONCLUSIONS 


In summary, MethyB demonstrated a protective action against brain neurodegeneration and liver damage induced by ketamine in 


the rat. It is suggested that this action of MethyB is caused by lowered oxidative stress levels. The study provides evidence that 


MethyB may be of value in treatment of toxicity caused by ketamine abuse. 
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